Taylor & Francis Group

Bicen gineerEd e Taylor & Francis

Bioengineered

i ISSN: 2165-5979 (Print) 2165-5987 (Online) Journal homepage: www.tandfonline.com/journals/kbie20

Microbial factories under control
Auto-regulatory control through engineered stress-induced feedback

Ilias Tagkopoulos

To cite this article: llias Tagkopoulos (2013) Microbial factories under control, Bioengineered,
4:1,5-8, DOI: 10.4161/bice.21935

To link to this article: https://doi.org/10.4161/bioe.21935

ﬁ Published online: 24 Aug 2012.

\]
[:J/ Submit your article to this journal &

||I| Article views: 480

A
h View related articles &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=kbie20


https://www.tandfonline.com/journals/kbie20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.4161/bioe.21935
https://doi.org/10.4161/bioe.21935
https://www.tandfonline.com/action/authorSubmission?journalCode=kbie20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=kbie20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.4161/bioe.21935?src=pdf
https://www.tandfonline.com/doi/mlt/10.4161/bioe.21935?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=kbie20

Bioengineered 4:1, 5-8; January/February 2013; © 2013 Landes Bioscience

Microbial factories under control

PERSPECTIVE

Auto-regulatory control through engineered stress-induced feedback

Ilias Tagkopoulos

University of California, Davis; Computer Science and UC Davis Genome Center; Davis, CA USA

Keywords: synthetic biology, bioengi-
neering, self-regulation, stress induced
response, computational modeling, het-
erologous protein, recombinant protein
production, adaptive control

Submitted: 06/03/12

Revised: 08/21/12

Accepted: 08/22/12
htep://dx.doi.org/10.4161/bioe.21935

Correspondence to: llias Tagkopoulos;
Email: iliast@ucdavis.edu

www.landesbioscience.com

everely stressed, with their resources

depleted, and their cellular machin-
ery working beyond capacity, the host
cells that are used for heterologous pro-
tein production have no option but to
activate their stress response pathways
in order to mitigate the accumulating
effects of expressing a foreign, possibly
toxic, protein at vast quantities. The
result is lower protein yield and quality,
with many products being misfolded or
part of inclusion bodies that need further
processing. Recently, new techniques aim
to shift the control of protein production
from humans to cells and empower the
latter to regulate the production process,
thus leading to increased protein quality.
Herein we provide a perspective on the
way integrative synthetic biology can be
applied to traditional biotechnological
applications with potentially transforma-
tive results.

From early on, the production of recombi-
nant proteins in microbial cells has revolu-
tionized our ability to produce industrial
and medical products in vast quantities.
Human insulin, human growth hormone
(HGH), o/ B/ interferons are some exam-
ples of the mass-produced products in the
multi-billion dollar recombinant protein
production industry. Several organisms,
such as bacteria, yeasts, plants, insect and
mammalian cells, currently serve as pro-
duction systems for heterologous proteins.
Escherichia coli is arguably one of the most
widely used hosts for recombinant pro-
tein production since it can achieve high
yields, it is fast and inexpensive to grow
and it can be easily modified. Remarkably,
E. coli can accumulate up to 80% of its
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dry weight in recombinant proteins,’ and
thus has the potential for very high pro-
tein yields that is desired in an industrial
scale process.

Unfortunately, recombinant protein
expression can be detrimental for cells, as
it constitutes a metabolic burden through
the depletion of precursor metabolites.
Additionally, high levels of expression
lead to cellular stress that involves the
induction of chaperones, foldases and
proteases.” With the cellular machinery
over its capacity, recombinant proteins
form inclusion bodies, which represent
insoluble protein aggregates (Fig. 1) and
necessitate downstream processing with
expensive and time-consuming de/re-
naturation methods.* Finding the opti-
mal balance between protein yield and
quality is always a challenge, as these two
variables tend to have opposing dynamics
during protein production.

To this end, several of the available
expression platforms depend on the con-
stitutive expression or manual fine-tuning
of target and auxiliary protein expression
in order to achieve the desired balance.
For example, since high protein expres-
sion leads to lower protein quality and to
highly stressed cells, molecular chaper-
ones and foldases are usually co-expressed
from accessory plasmids with no further
control’ Too much or too little expres-
sion of these proteins results in drastically
decreased recombinant protein quality
and yield. This leads to time-consuming
fine-tuning, that is not robust to process
modifications (e.g., a change in tempera-
ture, medium or target protein) that may
shift the optimal operating point. In addi-
tion, control of the protein production
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Figure 1. Overview of the possible outcomes during recombinant protein production. Figure

systems can be achieved through inducible
promoters that drive the recombinant pro-
tein expression, although this necessitates
the use of expensive chemicals that can
interfere with the process.®

In our recent effort to empower the
host with control of the protein produc-
tion process, we introduced a synthetic
feedback loop that decreases the produc-
tion of the recombinant protein, once
cellular stress is detected.” As shown in
Figure 2, the expression of the recombi-
nant protein, which was GFP in our case,
induced a stress response that activated
expression of the downstream gene from
a stress-inducible promoter. We selected
the promoter of the IbpAB operon, as it
encodes inclusion binding proteins that
are upregulated during the expression of
recombinant products. The downstream
gene is a repressor (TetR here) that binds
to the recombinant protein promoter and
significantly decreases its expression.

To engineer a system with the charac-
teristics mentioned above, we used a syn-
thetic biology approach: First, we created
a model of the proposed circuit topology
to gain an insight on its dynamics and
obtain the operation point for the dif-
ferent combinations of the key circuit
components. Then we used the Registry
of Standard Biological Parts to acquire
the basic building blocks for each of the
circuit elements and to build biobrick-
compatible constructs. To fine-tune the

circuit behavior we altered the ribosomal
binding site affinity and stress promoter
strength through random mutagenesis
and subsequent screening. Cells were able
to modulate their protein production and
achieved much higher soluble protein
fractions relative to those lacking the self-
regulatory control (80% vs. 55% soluble
fraction) and the system operated without
modifications in different media and tem-
perature ranges. In our proof-of-concept,
“flight-to-quality,” system, this increase in
the solubility was at the expense of pro-
tein yield (in some cases more than 50%
reduction) and further experimentation is
needed to bring the proposed method to a
production scale. Despite this shortcom-
ing, these promising results argue that
adaptive and robust control of protein
production processes at a cellular level is
within reach. Our work also demonstrates
the importance of integrating computa-
tional modeling and experimentation, as
our models predicted the desired dynamic
range of operation for the different com-
ponents that we had to select, and our
experimental results validated the fairly
impressive predictive capacity of the com-
putational methods used (Fig. 2B and C).

Self-regulatory and adaptive control
does not have to be exhausted in the
direct repression of the heterologous pro-
tein expression, as there are several other
applications that have significant potential
for process optimization. The currently
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available systems may have either low
inducibility or leaky expression, which is
non-optimal in the case that the recom-
binant product is toxic to the host cells.
Toxicity of the inducer (e.g., IPTG) also
limits these systems from being used for
therapeutic products,® while the need for
a constant induction at high cell densities
considerably adds to costs in large scale
production processes. For these reasons a
pH inducible system’ and more recently a
temperature-inducible system have been
proposed,' but both these systems rely on
variable environmental parameters and as
such are limited to a narrow range of cul-
tivation conditions. One solution would
be to use a pulse inducible promoter
system: the promoter that drives the T7
polymerase gene (and is critical as the
recombinant protein is under a T7 pro-
moter) can be engineered to include a T7
binding site next to the inducible binding
site and thus introduce positive feedback.
In this system, after the initial T7 induc-
tion from an inducer pulse, the circuit
would lock in a T7-on state and would
not need any further exogenous control.
Another interesting avenue is to exploit
the bacterial quorum sensing system
so that recombinant protein expression
starts only when the cell density reaches a
threshold, and there has been some work
in that direction.!” Control of the acces-
sory genes (foldases, chaperones, etc.)
from auxiliary constructs so that they are
produced only under stressful conditions
will also increase protein yield, as this will
lower the metabolic burden of their other-
wise constant expression.

Finally, integration of all these con-
cepts in a single protein production sys-
tem is a particularly challenging problem
as the system complexity increases expo-
nentially with each additional compo-
nent that we introduce. Here is where the
structured synthetic biology approach of
model abstractness, standardization and
automation is of paramount importance.
Well-characterized and  standardized
parts will allow us to create computa-
tional models of dynamic circuit behavior
with high predictive capacity, although
efficiently capturing the dynamics in
the complex bioreactor environment will
always be a challenge. Despite the recent
advances in computational tools for
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Figure 2. (A) Overview of a self-regulatory system for recombinant protein production. An inducible promoter is used to turn-on recombinant protein
production. When the cell is stressed, a strong repressor that is under the control of a stress reporter will be expressed, which will decrease or shut
down the protein production. In our proof-of-principle experiments, we placed the recombinant protein (GFP) under a T7 promoter that would be
repressed by Lacl. The stress-induced promoter for heat shock proteins IbpA and IbpB was used to drive the TetR expression, which in turn adaptively
regulated the production of GPF by binding to its promoter. (B) Simulation (solid lines) and experimental (dots) results for the non-feedback system
(blue line) and three feedback variations based on different stress promoter variants (engineered through site-directed mutagenesis). Interestingly,
the wild-type stress promoter exhibited large variation in its expression, while the engineered promoters are fairly invariant in their effect. (C) Soluble
vs. insoluble fraction of the recombinant protein (GPF). Both experimental results (bars) and computational predictions (gray points) are shown for the
three representative variations depicted in (B). The difference between the experimentally measured and computationally derived values likely stem
from the fact that in the model we don’t account for the effect of TetR proteins in the depletion of the cellular resources and folding machinery.

computer-aided biological circuit design
and optimization, the capacity of these
tools to come up with optimal designs for
rational engineering of biological systems
in real conditions is still very limited.
If synthetic biology and rational com-
puter-aided circuit construction aspires
to advance to synthetic systems that go
beyond a handful of interacting parts that
can be adopted in industrial applications,
a methodological approach to create the
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